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Effects of Ca2 channel blockers, low Ca2 medium and glycine on cell
Ca2 and injury in anoxic rabbit proximal tubules. L-type Ca2 channel
blockers (CCBs) have been shown to be protective against ischemia-
induced injury of the kidney, suggesting that increased intracellular
Ca2 levels ([Ca2}) play an important role in the pathogenesis of
ischemic cell injury. To assess the role of [Ca2} in anoxic injury of the
proximal tubule (PT) and the protective effect of CCBs, digital imaging
fluorescence microscopy was used to monitor [Ca2]1 in individual PT
cells during 60 minutes of anoxia. [Ca2]1 started to rise within 10
minutes and reached maximal levels between 30 to 45 minutes of
anoxia. The onset of this increase and the maximal levels reached
varied markedly among individual cells. The mean values for initial and
maximal anoxic [Ca2J1 were 109 2 (N = 209) and 422 14 (N = 240)
nM, respectively. Methoxyverapamil (D600; I sM) significantly reduced
anoxic [Ca2]1 to 122 5 nM (P < 0.05; N = 79). Removal of
extracellular Ca2 completely abolished anoxia-induced increases in
[Ca2]1, confirming that these increases in [Ca24i result from Ca2
influx. During 60 minutes of anoxia, PT cells showed a gradual decrease
in cell viability to 54 2%. D600 (1 /LM) significantly increased cell
viability to 64 3% (P < 0.05). Glycine (5 mss), however, increased cell
viability to 77 4% without a significant reduction in anoxic [Ca2]
levels. Low Ca2 medium only protected when 0.1 mM La3 was
included, a condition which increased cell viability to 82 5%. La3
did not enter PT cells and probably protected via a membrane-
stabilizing effect. The combination of glycine and La3 did not further
increase protection. In conclusion, D600 almost completely prevented
anoxia-induced increases in [Ca2] by blocking Ca2 influx via L.type
Ca2 channels. Since D600 only partly protected PT cells against anoxic
injury, [Ca2i unrelated cell injury, which is attenuated by glycine, is a
more prominent factor in anoxia-induced cell injury in rabbit PT cells.
Disruption of intracellular Ca2 homeostasis may be an
important factor in the development of cell injury during
ischemia, hypoxia or anoxia [1, 2]. Intracellular Ca2 ([Ca2]1)
has also been suggested to be important in hypoxic injury of
renal proximal tubules (Fl's) [3, 4]. Increases in [Ca2] using
ionomycin induced cell injury in cultured PT cells and in freshly
isolated PTs [5, 6]. Others have argued that [Ca2]1 is not a
prerequisite for cell injury. Jacobs et al [71 observed cell injury
in PTs during anoxia without significant changes in [Ca2]1. In
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contrast, in cultured PT cells, chemical anoxia [8] as well as
anoxia [91 increased [Ca2]1 without detectable lactate dehydro-
genase (LDH) release in the first 60 minutes of anoxia.
If [Ca211 is a primary mediator of cell injury resulting from
02 deprivation, then prevention of Ca2 entry into cells should
prevent or delay cell death. Indeed, exposure of isolated Fl's to
30 minutes of anoxia in a low Ca2 medium reduced LDH
release [10, 11], and delayed blebbing [8]. Moreover L-type
Ca2 channel blockers (CCBs) have been shown to reduce 45Ca
uptake as well as LDH release after 10 minutes of hypoxic and
anoxic incubation of PTs [12]. Although many studies have
shown that CCBs can be protective against ischemic renal
injury in various circumstances [4], there is no general agree-
ment on the question whether CCBs directly protect renal
epithelial cells [13]. So far, very high concentrations of CCBs
have been used to show protective effects [11, 12]. These high
concentrations preclude a specific effect on L-type Ca2 chan-
nels and beneficiary effects may be related to nonspecific
actions, as for example, membrane-stabilization [14]. In addi-
tion, L-type Ca2 channels have not been demonstrated un-
equivocally in renal tubular cells [6]. A recent study on cell
volume regulation of PT cells suggests the presence of L-type
channels in these cells, since [Ca2]1 was significantly reduced
by 10 /LM verapamil [15]. Most importantly, no direct study has
been undertaken to investigate the effect of CCBs on [Ca2]1
during hypoxia or anoxia in PT cells.
In a previous study, we developed a method to investigate
increases in [Ca2]1 in cultured PT cells induced by anoxic
periods up to 60 minutes [91. In that study complete absence of
02 was realized by inclusion of oxyrase®, a mixture of oxyge-
nases, to preclude any contribution of reactive oxygen species
(ROS) to cellular injury which may occur in model studies using
chemical anoxia or hypoxia [61. In cultured PT cells, 1 M
methoxyverapamil (D600) significantly decreased anoxic
[Ca2]1 levels. However, the question whether reduction of
anoxia-induced increase in [Ca211 correlated with protection
against cell injury could not be answered, since after 60 minutes
of anoxia the cultured PT cells showed no significant increase in
LDH release. It is known that in freshly-isolated PT cell injury
occurs much faster [12]. Therefore, we studied anoxia-induced
increases in [Ca2]1 and the effects of CCBs in freshly-isolated
PT cells to find out whether protective effects of CCBs on
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tubular cells are correlated with a reduction in anoxic [Ca2]1
levels.
Methods
Isolation of proximal tubules
Rabbit PT cells were isolated by immunodissection as de-
scribed previously [9]. Briefly, kidneys were excised from New
Zealand white rabbits (°°0.5 kg). A cortical cell suspension,
obtained by enzymatic digestion of dissected cortical tissue,
was incubated for 60 minutes on ice with monoclonal antibodies
85C8 and 101E12, recognizing PT cell surface specific antigens.
After three washings, the cell suspension was added to goat
anti-mouse IgG-coated petri dishes and incubated for 15 min-
utes at 20°C. The dishes were washed carefully and adherent PT
cells were scraped off the dishes. The PT cells were collected
and resuspended at a density of 1 x 106 cells/mI in a mixture of
Dulbecco's Modified Eagle's medium (Imperial #1-466-14,
Hampshire, UK): Ham's F12 medium (Gibco, #041-01765M,
Paisley, UK) (1:1), supplemented with gentamycin (10 pg/mI),
NaHCO3 (25 mM), glutamine (14 mM), insulin (5 pg/mI), trans-
ferrin (5 pg/mI), hydrocortisone (50 nM), 0.5% (vollvol) non-
essential amino acids (Gibco, #043-01 140H, Paisley, UK),
prostaglandin E1 (70 ng/ml), triiodothyronine (5 pM), Na2SeO3
(50 nM) and 5% (vollvol) fetal calf serum (FCS), pH 7.4 (K1 +
5% FCS medium). PT cell suspension aliquots (5 ml) were
incubated at 37°C in 25 cm2 tissue culture flasks (Costar 3055,
Cambridge, Massachusetts, USA) for maximally six hours in a
humidified incubator, gassed with 5% Co2 in air, and every
hour cell viability was estimated. The isolated PT cell prepara-
tion consisted mainly of clumps of three to six cells.
Fura-2 loading of PT cells
Clumps of freshly-isolated PT cells were attached to round
coverslips (4122 mm; Menzel, Germany) which were coated
with Cell-Tak® (Collaborative Research Incorporated, Bed-
ford, Massachusetts, USA) as follows: 5 pl pure Cell-Tak® was
brought onto the glass coverslip and dried in air for one hour at
20°C. Thereafter 100 pl of a PT cell suspension was added to the
dried Cell-Tak® within 30 minutes at 37°C. The attached PT
cells were loaded with fura-2 AM by incubating the coverslip
with PT cells for one hour at 37°C in K1 + 5% FCS medium
containing 10 pM fura-2 acetoxymethyl ester (fura-2 AM; Mo-
lecular Probes, Eugene, Oregon, USA), 0.02% (wtlvol) pluronic
F127 (Molecular Probes), 4% (vollvol) FCS and 3 m probene-
cid (Sigma Chemical Co., St. Louis, Missouri, USA). After
loading, the PT cells were washed twice in the experimental
medium and were used immediately. All experiments were
performed in the presence of 0.3 m probenecid to inhibit
fura-2 leakage via organic anion transporters.
Measuring [Ca2]1
[Ca2]1 in single cells was measured by a digital imaging
technique making use of a MagiCal system (Applied Imaging
Techniques, Tyne & Wear, UK). The fura-2-loaded PT cells
were alternatingly excited at 340 and 380 nm and emitted light
was captured at 510 nm with a CCD camera followed by digital
imaging using TARDIS® software (Applied Imaging Tech-
niques). Images at 340 and 380 nm were captured in one second
followed by 30 seconds of no capturing, divided in 10 seconds
excitation at 340 nm allowing for cell focusing, and 20 seconds
of no excitation using a shutter to avoid bleaching. The cycle of
one second capturing and 30 seconds of no capturing was
repeated untill the experiment was completed (—60 mm). The
MagiCal system has been described in detail by Neylon et al
[16]. [Ca2]1 was calculated according to the formula derived by
Grynkiewicz, Poenie and Tsien [17]: [Ca2]1 = KD X Rbf x [(R
— Rmin)I(Rmax — R)], where K is the dissociation constant of
fura-2 for Ca2 of 224 nM; R is the ratio of fluorescence of the
cell at 340 and 380 nm; Rmax and Rmin represent the ratios of
fura-2 fluorescence intensity at 340 and 380 nm excitation
obtained by treating the PT cells with 5 pM ionomycin in the
presence and absence [estimated by addition of 2 ifiM ethyle-
neglycolbis(3-aminoethyl ether)-N.N.N' .N'-tetraacetic acid
(EGTA)J of extracellular Ca2, respectively, and Rbf is the
maximal 380 nm signal divided by the minimal 380 nm signal.
Anoxic chamber experiment
To estimate [Ca2]1 during anoxia, the same anoxic chamber
was used as was described previously [9]. Briefly, fura-2-loaded
PT cells attached to a coverslip were mounted in an anoxic
chamber at 37°C. After filling the anoxic chamber with 100% N2
gassed modified Krebs-Henseleit buffer [KHB; composition in
mM: 138 NaC1, 5 KC1, 1 MgSO4, 2 CaC12, 1 1-alanine, 51-lactate,
20 4-(2-hydroxyethyl)- 1-piperazineethanesulphonic acid/tris-
(hydroxy)methylaminomethane (HEPES/TRIS) and 360 mU/ml
Oxyrase® (Oxyrase Inc., Ashland, Ohio, USA), pH 7.4]. It was
mounted on the stage of a Nikon Diaphot inverted microscope
(400x magnification) and [Ca2]1 was measured using the
MagiCal system. After 45 to 60 minutes of anoxic incubation,
reperfusion was started by perfusing the chamber with oxygen-
ated KHB containing 10 m glucose. For [Ca2]1 measure-
ments during anoxia we used at least four preparations and from
every preparation at least two coverslips were used. From one
coverslip 8 to 16 cells could be monitored and analyzed, which
was roughly the number of cells in the viewing field of the CCD
camera (3 to 4 clumps of cells).
Estimation of cell viability
Clumps of PT cells attached to Cell-Tak®-coated coverslips
were mounted in the anoxic chamber at 37°C in modified KHB.
Simultaneously, partial 02 pressure (P02) was monitored using
a Clark-type oxygen electrode [9]. After 60 minutes of anoxic
incubation, cell viability was estimated by means of Trypan
blue or propidium iodide staining. To this end, the coverslip
with PT cells was incubated for one to two minutes in 0.08%
(wt/vol) Trypan blue or S pg/mi propidium iodide. The percent-
age stained cells was determined by means of light microscopy
for Trypan blue staining or by means of fluorescence micros-
copy with excitation at 490 nm and 510 nm emission for
propidium iodide staining. As controls, several coverslips with
PT cells were incubated in the presence of oxygen and sub-
strate. The influence of several conditions on cell viability was
tested in such a way that for every condition at least four
preparations were used. From every preparation at least two
coverslips were incubated in the anoxic chamber, and after 60
minutes between 100 and 200 cells were counted after staining.
The cells were chosen randomly by counting as many cells as
possible on one coverslip within five minutes. We did not
observe a specific pattern of cell killing within clumps of cells.
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Fig. 1. Time-dependency of increase in [Ca2]1 in four individual PT
cells (typical examples) in response to 02 and glucose deprivation at
37°C. At —10 minutes the anoxic chamber is closed; [Ca2}1 measure-
ments start at 0 minutes (anoxia). After 52 minutes of anoxia, 02 and
glucose are reintroduced. In one cell a fall in the fluorescent ratio is
observed after 30 minutes, due to loss of fura-2 fluorescence, indicative
of cell death. The bold straight line represents a normoxic control
experiment. [Ca2J1 is presented as the 340 and 380 nm ratio of fura-2
excitation.
Materials
Conjugated antibodies were obtained from Sigma. D600
(methoxyverapamil) was kindly provided by Knoll AG (Lud-
wigshafen, Germany). Felodipine was donated by Astra Phar-
maceutica BY (Rijswijk, NL). All chemicals were of the purest
grade.
Statistical analysis
All reported data are expressed as means SD. Statistical
analysis was performed on ratio values using analysis of vari-
ance (P < 0.05 is significant). Subsequently, statistical differ-
ences between experimental groups were estimated by means
of contrast analysis according to Fisher [18].
Results
[Ca2], during anoxia
As shown previously, P02 in the anoxic chamber decreased
rapidly as a result of filling the chamber with hypoxic medium
[9]. The residual P02 was reduced to zero within 10 minutes due
to the enzyme complex 0xyrase [9]. As a result of substrate-
free anoxia, [Ca2] in freshly isolated PT cells started to rise
and reached maximal levels within 45 minutes (Fig. 1). How-
ever, the onset of this rise and the maximal levels reached
varied strikingly among individual cells within one preparation
(Fig. 1) and subsequent preparations (Fig. 2). This heterogene-
ity was not only observed in cells from different clumps, but
also within one clump. At the introduction of oxygen and
glucose, elevated [Ca2], declined rapidly towards initial levels,
but in a few cells [Ca2] remained elevated (Fig. I). In some
cells a sudden and abrupt decline in the fluorescence ratio was
observed (Fig. 1). Inspection of the 340 and 380 nm fluores-
cence values indicated a decline in both signals, which means
Cell number
Fig. 2. Summary of the heterogeneous responses in [Ca2 47 of PT cells
to anoxic incubation: () mean initial [Ca2 value (± SE) measured
immediately after mounting the anoxic chamber on the stage of the
microscope (10 mm after filling the anoxic chamber); (0), maximal
[Ca2]1 in individual cells reached after 45 minutes of anoxia; (A) mean
[Ca27, value (± SE) reached 10 minutes after reintroducing 02 and
glucose. [Ca2]1 is presented as fura-2 ratio (left) and in n (right).
that leakage of fura-2 had occurred due to a loss of the cell
membrane barrier.
In Figure 2, fura-2 ratios and [Ca2]1 values are given which
have been observed in close to 200 cells: the mean initial level,
the individual maximal levels attained, and the mean value 10
minutes after reintroducing 02 and substrate. [Ca2 ]1 monitor-
ing starts 10 minutes after filling the anoxic chamber due to
mounting the chamber on the stage of the microscope. Since
several cells lost fura-2 fluorescence during the experiment, the
maximal stable fura-2 level, reached just before fura-2 started to
leak, was used in calculating the mean anoxic fura-2 ratio.
When the fura-2 level did not reach a plateau, then the ratio was
excluded. From those cells which lost fura-2 during the anoxic
incubation, the reperfusion fura ratios were also excluded.
Therefore, Figures 2 through 7 also contain maximal anoxic
fura-2 ratios of cells which did not survive the anoxic incuba-
tion. However, the fura-2 ratio was used which was reached
just before the dye started to leak. We never observed a sudden
increase in fura-2 ratio just before fura started to leak due to cell
injury. The mean initial fura ratio (1.01 0.02, N = 218)
measured 10 minutes after closing the chamber, was not signif-
icantly different from the mean fura ratio (0.98 0.03, N = 209,
P> 0.1) 10 minutes after reperfusion.
Phenylalkylamines have been shown to reduce ischemic renal
injury when present during the ischemic insult [19, 20], there-
fore we tested whether D600 reduces the rise in [Ca2]1 during
anoxia. Figure 3 shows that the presence of 1 JxM D600 during
the anoxic period reduced the maximal fura-2 ratio from 1.59
0.06 to 1.04 0.04 (P < 0.05). D600 also slightly, albeit
significantly, reduced the initial fura-2 ratio from 1.01 0.02 to
0.89 0.02 (P < 0.05). A similar reduction in the ratio was
observed 10 minutes after reperfusion: from 0.98 0.03 to 0.77
0.03. In addition, the effect of 1 /LM felodipine was studied,
but this dihydropyridine derivative was unable to significantly
reduce the anoxia-induced increases in the fura-2 ratio (Fig. 4).
When, however, the differences in fura-2 ratios between initial
and the maximal anoxic levels were considered ( ratio in
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Fig. 4. The effect of I pM felodipine on initial (basal), maximal anoxic,
and reperfusion ratio values, and on A ratio values (maximal minus
initial ratios). Experimental ratios (dashed columns) are compared to
control ratios (open columns), that is, anoxic incubation without the
addition of felodipine. Columns represent mean ratio values SE with
N 32 (* < 0.05: experimental vs. control ratio values).
Fig. 4) it became clear that felodipine had a significant effect,
albeit not as striking as D600.
Next, the dependence of anoxia-induced increases in [Ca2],
on extracellular Ca2 ([Ca2]0) was investigated. We studied
two conditions, one in which [Ca210 was reduced below 108
M by adding 0.5 mrs EGTA, and one in which Ca2 was simply
omitted from the solution. In the second condition, medium
[Ca21 was still 20 LM and therefore 0.1 m La3 was added
to block any residual Ca2 influx. Figures 5 and 6 clearly
demonstrate that omitting [Ca2]0 or preventing Ca2 influx by
La3 effectively reduced the anoxia-induced increase in
[Ca2]1, which proves that the rise in [Ca211 stems from Ca2
influx and not from depletion of intracellular Ca2 stores.
Since glycine protects against ischemic injury, the effect of
Basal Anoxia Reperlusion A Ratio
Fig. 5. Effect of extracellular Ca24 exclusion (—Ca/+EGTA) on initial(basal), maximal anoxic, and reperfusion ratio values and on A ratio
values (maximal minus initial ratios). Experimental ratios (dashed
columns) are compared to control values (open columns), that is,
anoxic incubation in the presence of 2 mas CaCl2 without EGTA.
Columns represent mean ratio values SE with N  38 (* < 0.05,
experimental vs. control).
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Fig. 6. Effect of extracellular Ca2 exclusion and addition of 0.1 mM
LaCI3 (—Ca/+La) on initial (basal), maximal anoxic, and reperfusion
ratio values, and on A ratio values (maximal minus initial ratios).
Experimental ratios (dashed columns) are compared to control ratios
(open columns), that is, anoxic incubation in the presence of 2 mM
CaCI2 without LaCl3. Columns represent mean ratio values SE with N
44 (P < 0.05, experimental vs. control ratio values).
glycine on [Ca2}, during anoxia was also studied. The result is
shown in Figure 7. Whatever the mechanism behind glycine
protection may be, it is clear that glycine is unable to influence
[Ca2]1 during an anoxic period of 45 to 60 minutes.
Cell injury
In some cells loss of fura-2, indicative of cell death, was
observed during the anoxic incubation. Therefore the effect of
anoxia on cell viability was further quantified. Cell injury could
not be assessed by measuring LDH-release because the number
of cells in the anoxic chamber was too small to measure
LDH-release reproducibly. For this reason, cell viability was
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FIg. 3. The effect of I pM D600 on initial (basal), maximal anoxic, and
reperfusion values for fura-2 ratios and on A ratio values (maximal
minus initial ratios). Ratios observed in the presence of D600 (dashed
columns) are compared to ratios observed in the absence of D600 (open
columns). Columns represent mean ratio values SE with N 32 (*
<0.05: D600 vs. control ratio values).
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Fig. 7. Effect of 5 msi glycine on initial (basal), maximal, and reper-
fusion ratio values and on i ratio values (maximal minus initial ratios).
The experimental ratios (dashed columns) are compared to control
ratios (open columns), that is, anoxic incubation without addition of
glycine. Columns represent mean ratio values SE with N  77.
estimated with the membrane-impermeable nuclear stain pro-
pidium iodide and with Trypan blue. In 3 preparations Trypan
blue and propidium iodide stained the same cells after 60
minutes of anoxic incubation in the chamber. In further exper-
iments Trypan blue was preferred to quantify cell viability for
practical reasons. Since cell viability already decreased during
preservation of the cells before the anoxic experiments started,
a survival curve was made for every isolation (Fig. 8A). After
the cell isolation procedure, which takes about three hours, cell
viability was 84 1%. Cell viability decreased significantly to
67 3% (P < 0.05) during five hours of preservation (Fig. 8A).
In Figure 8A it is also shown that one hour of anoxia decreased
cell viability with a percentage that is independent of the time
expired since the cell isolation started. Therefore, in all exper-
iments presented in Figures 9 and 10 the viability of the control
group was set at 100%. This normalization procedure allows for
direct comparison of protective effects, independent of the time
the experiment was started. In this way, cell viability decreased
after 60 minutes of anoxia to 54 2%. Figure 8B shows that cell
death gradually increases with the time of exposure to anoxia.
In Figure 9 the effects of D600, felodipine, extracellular
Ca2-free solutions and glycine on cell viability after 60 minutes
of anoxic incubation are tabulated. D600 significantly increased
cell viability to 64 3% (P < 0.05), but the protective effect is
small compared to the impressive effect on [Ca2]1 during
anoxia (Fig. 3). The protective effect of Ca2-free solutions
appears not to be unambiguous. When [Ca2]0 is complexed
with 0.5 m EGTA there is no significant protection against
anoxic injury (P > 0.1). On the other hand, when 0.1 m La3
is added to prevent influx of residual [Ca2]0 during anoxia, cell
viability increased from 54 2% to 82 5% (P < 0.05). In three
separate experiments we tested the protective effect of low
Ca2 alone, but found no significant improvement in cell
viability by low Ca2 alone (data not shown). The effects of low
Ca2 and of low Ca2 plus 0.1 m La3 were also tested on the
normoxic control group, but both conditions did not signifi-
cantly influence cell viability. Glycine during anoxia signifi-
cantly increased cell viability up to 77 4% (P < 0.05). This
protection occurs despite the elevated anoxic [Ca2]1 levels.
The combination of glycine and 0.1 mri La3 further increased
cell viability to 83 7% (P < 0.05), albeit this further increase
is not significant with respect to glycine or La3 alone (P> 0.1).
Figure 10 summarizes the observed effects of D600, Ca2-
free solution and glycine on anoxia-induced increases in [Ca2I,
and on cell viability after 60 minutes of anoxia. This figure
demonstrates a clear dissociation between protective effects
and effects on [Ca2], suggesting a minor role for [Ca2]1 in the
pathogenesis of anoxic injury of freshly-isolated PT cells.
Discussion
In the present study, freshly-isolated PT cells were subjected
to 60 minutes of anoxia. [Ca2I1 measurements showed anoxia-
induced increases in [Ca2]1 which were heterogeneous in onset
and in the maximal level reached. The CCB, methoxyverapamil
(1 M) almost completely reduced the anoxia-induced increase
in [Ca2]1, but exhibited a moderate protective effect.
Cytosolic Ca2 in PT cells could be measured conveniently
after attachment of the cells to a coverslip with Cell-Tak®. This
substance did not induce cell injury, but made it possible to
follow single PT cells during an anoxic period of 60 minutes.
Several individual PT cells within one preparation were moni-
tored using digital imaging fluorescence microscopy. Some
investigators have previously used cell suspensions [7, 12] in
which responses of several thousands of tubules are summed.
The present study demonstrated that anoxia-induced increases
in [Ca2]1 are rather heterogeneous at the single cell level.
Nevertheless, maximal [Ca2]1 levels were always reached
before 45 minutes of anoxia, with a mean value of 422 14 nrt
(N = 240). In view of an extracellular Ca2 concentration of 2
m, this anoxic [Ca2i, value represents a relatively modest
increase. Anoxic incubation precludes mitochondrial Ca2
loading due to the complete absence of oxidative phosphoryla-
tion and a driving force for Ca2 uptake. Nonetheless, our
results point to stabilization of the anoxic [Ca2] value below
the extracellular level, suggesting the presence of some kind of
endogeneous autoprotective mechanism whereby the ATP-
depleted state decreases the Ca2 permeability of the plasma
membrane, and prevents the cell from being flooded with Ca2.
The anoxic [Ca2]1 value reported previously for cultured PT
cells [9] was even higher than the one observed in freshly-
isolated cells (662 22 n vs. 422 14 nM). Other studies using
cultured PT cells also reported modest increases in [Ca211 after
inhibition of metabolism [5, 21].
The complete suppression of anoxia-induced increases in
[Ca2]1 by removing [Ca2]0 suggests that intracellular Ca2
stores do not contribute to Ca2 overload during anoxia. This
phenomenon has also been observed in cultured PT cells [8, 9].
A possible explanation could be that when intracellular stores
begin to release Ca2, the plasma membrane Ca2-ATPase may
still operate at low ATP concentrations, and an early increase in
[Ca2]1 activates calmodulin and thereby stimulates the plasma
membrane Ca2-ATPase.
The present study provides functional evidence for the pres-
ence of L-type Ca2 channels in freshly-isolated PT cells. The
phenylalkylamine D600 almost completely abolished anoxia-
induced increases in [Ca2]1 at a concentration of 1 /LM.
Previously, in cultured PT cells a reduction of elevated [Ca2J1
by 1 /.M D600 has been shown [9], but the effect was less
-I-
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Fig. 9. Effects of D600 (1 pM), felodipine (felod; 1 pM), Ca'-free
medium plus 0.5 mri EGTA (EGTA), Ca'-free medium plus 0.1 mM
LaCl3 (La), glycine (5 mM) and the combination glycine, Ca-free plus
0.1 mM LaCl3 (gly+La) on the viability of PT cell after 60 minutes of
anoxia. Experimental values are compared to control values (that is,
anoxic incubation in KHB medium without glucose). Viability, esti-
mated by Trypan blue staining, is presented as % of total cell count.
Values represent mean values SE with N  8 (* < 0.05, experimen-
tal vs. control values).
profound, suggesting that L-type Ca2 channels are either less
important in anoxia-induced increases in [Ca2J1 or are less
expressed in cultured PT cells. Felodipine, a dihydropyridine,
was less effective than D600 which was also previously reported
for cultured PT cells [91. This finding confirms the observation
of McCarty and O'Neil [15, 221, that verapamil but not nile-
dipine reduced resting [Ca21i in isolated PTs. Verapamil has
been described to inhibit Na-Ca2 exchange activity in cardiac
sarcolemmal membrane vesicles with an IC50 of approximately
200 /LM [23]. Because in P1' cells a complete reduction of anoxic
[Ca2]1 is realized at 1 pM D600, inhibition of Ca2 influx via
Na-Ca2 exchange is an unrealistic alternative. In addition,
NatCa2 exchange is most likely absent from PT cells, which
was elegantly shown with molecular-biological techniques [24]
and immunohistochemical techniques [25].
Almeida et al [121 recently reported that anoxia-induced
increase in 45Ca uptake and LDH release in rat PTs was
Fig. 8. Cell viability of PT cells. A. Decrease
in cell viability (presented as % of total) of PT
cells under normoxic and anoxic conditions.
Symbols are: (0) cell viability of PT cells in
normoxic conditions in a humidified incubator
as a function of time expired since the cells
were isolated (Methods). PT cell isolation
takes 3 hr, which is the zero time point in
this graph; (•), cell viability of PT cells after
1 hr anoxic incubation. To start anoxic
incubations, PT cells were taken from the
normoxic cell stock at 1 hr intervals. For
example, data points at 3 hr comprise cells
which have been in stock for 2 hr and
incubated for 1 hr in the anoxic chamber. B.
Time-dependency of the decrease in cell
viability of PT cells during anoxic incubations.
Viability is presented as % of total cell count,
normalized with respect to the spontaneous
loss of viability in the preservation vial (A).
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Fig. 10. Correlation between [Ca .l levels reached during 60 minutes
of anoxia and the protective effects, expressed as cell viability, of D600,
felodipine, Ca'-free solutions, and glycine. Values represent mean
SE (N  8; P < 0.05).
inhibited by verapamil during 10 minutes of anoxia. During
longer anoxic incubations the time course of 45Ca uptake
reached a plateau phase. We observed that D600 prevents
increases in [Ca2] during 60 minutes of anoxia. Hence, the
fura-2 imaging technique provides information over much
longer experimental periods than conventional isotope uptake
experiments.
Besides [Ca2]1 measurements, cell viability after 60 minutes
of anoxia was determined. In contrast to cultured PT cells [9],
freshly-isolated PT cells exhibit significant cell injury within 15
minutes of anoxia, which was demonstrated by Trypan blue or
propidium iodide staining and loss of fura-2 fluorescence. This
clearly demonstrates that freshly-isolated PT cells are more
sensitive to anoxic injury than cultured PT cells. Differences in
hypoxia tolerance have also been described between hepatoma
cells and hepatocytes [26].
Exposure of PT cells to 60 minutes of anoxia in the absence
of [Ca2]0 did not improve cell viability. Previously, Takano et
al [10] reported that reduction of [Ca2]0 to around 2.5 M
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attenuated cell injury in short-term anoxia of rabbit PTs. Either
the longer anoxic incubation or the addition of EGTA may have
resulted in loss of protection in our study. There is, however,
no agreement whether lowering of [Ca2]0 offers protection
[13J. For example, hepatocytes as well as cardiomyocytes were
more susceptible to anoxic injury when [Ca2]0 was less than 10
M [27, 28]. Surprisingly, addition of 0.1 mvs La3 to a
nominally Ca2-free solution protected PT cells as effectively
as glycine against anoxic injury. From the fura-2 ratio in Figure
6 it can be concluded that La3 does not enter the cells during
anoxic incubation, since fura-2 exhibits a similar response to
La3 as to Ca2 . Therefore, this novel protecting effect of small
amounts of La3 is exerted extracellularly, most likely via
stabilization of the plasma membrane, resulting in a lower
susceptibility to lysis by enzymes which are activated during
anoxia.
Using PTs and cultured PT cells, Weinberg found that glycine
protects against cell injury associated with chemical anoxia,
ouabain and [Ca2] [6]. Also in our study, glycine provided
protection in the absence of reducing anoxia-induced increases
in [Ca2111. Since the mechanism of this protection is still
unknown, it is of interest that the protective effects of glycine
and La3 were not additive. This could mean that La3 and
glycine prevent a common factor from exerting its injurious
effect. Hypothetically, when La3 stabilizes the plasma mem-
brane preventing enzymatic lysis then glycine could possibly
inhibit those very enzymes which cause membrane lysis.
Searching for such a common factor could be of help in
uncovering the mechanism of glycine protection against cell
injury.
In conclusion, anoxia-induced increases in [Ca2]1 in freshly-
isolated PT cells results from Ca2 influx via L-type Ca2
channels. Despite the fact that anoxia-induced increases in
[Ca2]1 are almost completely suppressed by 1 M D600, this
CCB offers only moderate protection, suggesting a minor role of
[Ca2J1 in the pathogenesis of anoxic cell injury.
Acknowledgments
This study was financed by Solvay Duphar BY (Weesp, NL). A.
Hartog (supported by the Dutch Kidney Foundation, C91.1112), P.
Ramakers and R. Tijssen are acknowledged for technical assistence in
some of the experiments. We thank Dr. J. Wetzels for critical reading of
the manuscript.
Reprint requests to C.H. van Os, Department of Cell Physiology,
University of Njjmegen, Trigon Building, P.O.Box 9101, 6500 HB
Nmegen, The Netherlands.
References
1. FARBER JL: The role of calcium in lethal cell injury. Chem Res
Toxicol 3:503—508, 1990
2. NICOTERA P, BELLOMO G, ORRENIUS S: The role of Ca2 in cell
killing. Chem Res Toxicol 3:484-494, 1990
3. YOUNG EW, HUMES HD: Calcium and acute renal failure. Miner
Electro Metab 17:106—111, 1991
4. BURKE Ti, SCHRIER RW: Pathophysiology of cell ischemia, in
Diseases of the Kidney, edited by SCHRIER RW, GOTTSCHALK CW,
Boston, Little, Brown Co., 1992, pp. 1257—1286
5. PHELPS PC, SMITH MW, TRUMP BF: Cytosolic ionized calcium and
bleb formation after acute cell injury of cultured rabbit renal tubule
cells. Lab Invest 60:630—642, 1989
6. WEINBERG JM: The cell biology of ischemic renal injury. Kidney
mt 39:476—500, 1991
7. icos WR, SGAMBATI M, GOMEZ G, VILARO P, HIGD0N M, BELL
PD, MANDEL U: Role of cytosolic Ca in renal tubule damage
induced by anoxia. Am J Physiol 260:C545—C554, 1991
8. SMITH MW, PHELPS PC, TRUMP BF: Injury-induced changes in
cytosolic Ca2 in individual rabbit proximal tubule cells. Am J
Physiol 262:F647—F655, 1992
9. Rose UM, BINDELS RJM, VIS A, JANSEN JWCM, VANOs CH: The
effect of L-type Ca2 channel blockers on anoxia-induced increases
in intracellular Ca2 concentration in rabbit proximal tubule cells in
primary culture. Pflugers Arch 423:378—386, 1993
10. TAKANO T, SOLTOFF SP, MURDAUGH 5, MANDEL Li: Intracellular
respiratory dysfunction and cell injury in short-term anoxia of
rabbit renal proximal tubules. J Clin Invest 76:2377—2384, 1985
11. WETZELS JFML, Yu L, WANG X, KRIBBEN A, BURKE Ti, SCHRIER
RW: Calcium modulation and cell injury in isolated rat proximal
tubules. J Pharmacol Exp Ther 267:176—180, 1993
12. ALMEIDA ARP, BUNNACHAK D, BURNIER M, WETZELS iFM,
BURKE TJ, SCHRIER RW: Time-dependent protective effects of
calcium channel blockers on anoxia- and hypoxia-induced proximal
tubule injury. J Pharmacol Exp Ther 260:526—532, 1992
13. BONVENTRE JV: Mechanisms of ischemic acute renal failure.
Kidney mt 43:1160—1 178, 1993
14. KATZ AM: Basic cellular mechanisms of action of the calcium-
channel blockers. Am J Cardiol 55:2B—9B, 1985
15. MCCARTY NA, O'NEIL RG: Calcium-dependent control of volume
regulation in renal proximal tubule cell. I. Swelling-activated Ca2
entry and release. J Membr Biol 123:149—160, 1991
16. NEYLON CB, HOYLAND i, MASON WT, IRVINE RF: Spatial dynam-
ics of intracellular calcium in agonist-stimulated vascular smooth
muscle cells. Am J Physiol 259:C675—C686, 1990
17. GRYNKIEWICZ G, POENIE M, T5IEN RY: A new generation of Ca2
indicators with greatly improved fluorescence properties. J Biol
Chem 260:3440—3450, 1985
18. SNEDECOR GW, COCHRAN WG: Statistical methods. Ames, The
Iowa State University Press, 1974
19. BURKE Ti, ARNOLD PA, GoiwoN iA, BULGER RE, DOBAYN DC,
SCHRIER RW: Protective effect of intrarenal calcium membrane
blockers before or after renal ischemia. J Clin Invest 74:1830—1841,
1984
20. SCHRIER RW, ARNOLD PE, VAN PUTTEN Vi, BURKE Ti: Cellular
calcium in ischemia acute renal failure: Role of calcium entry
blockers. Kidney mt 32:313—321, 1987
21. MCCOY CE, SELVAGGIO AM, ALEXANDEREA, SCHWARTZ iH:
Adenosine triphosphate depletion induces a rise in cytosolic free
calcium in canine renal epitheial cells. J Clin Invest 82:1326—1332,
1988
22. MCCARTY NA, O'NEIL RG: Calcium-dependent control of volume
regulation in renal proximal tubule cell. II. Roles of dihydropyri-
dine-sensitive and- insensitive Ca2 entry pathways. JMembr Biol
123:161—170, 1991
23. KACZOROWSKJ GJ, SLAUGHTER RS, KING F, GARCIA ML: Inhibi-
tors of sodium-calcium exchange: Identification and development
of probes of transport activity. Biochim Biophys Acta 988:287—302,
1989
24. YU ASL, HEBERT SC, LEE S-L, BRENNER BM, LYrroN J:
Identification and localization of renal Na-Ca2 exchanger by
polymerase chain reaction. Am J Physiol 263:F680—F685, 1992
25. REILLY RF, SHUGRUECA, LATTANZI D, BIEMESDERFER D: Im-
munolocalization of the Na/Ca2 exchanger in rabbit kidney. Am
J Physiol 265:F327—F332, 1993
26. HUGO-WISSEMAN D, ANUNDI I, LAUCHART W, VEIBAHN R,
GROOT H DE: Differences in glycolytic capacity and hypoxia
tolerance between hepatoma cells and hepatocytes. Hepatology 13:
297—303, 1991
27. CHEUNG JY, THOMPSON IG, BONVENTRE JV: Effects of extracel-
lular calcium removal and anoxia on isolated rat myocytes. Am J
Physiol 243:C184—C190, 1982
28. SMITH MT, THOR H, ORRENIUS 5: Toxic injury to isolated hepa-
tocytes is not dependent on extracellular calcium. Sciences 213:
1257—1259, 1981
